Introduction {#s1}
============

Newcastle disease (ND) is a highly contagious avian disease with worldwide distribution \[[@B1]\]. The causative agent, Newcastle disease virus (NDV), is a member of the genus *Avulavirus* in the family *Paramyxoviridae*. The genome of NDV consists of six transcriptional units (3′-N--P-M-F--HN-L-5′) \[[@B2]\]. The F and HN proteins form spike-like projections on the outer surface of the viral envelop and are the neutralizing and protective antigens of NDV. The F protein is synthesized as an inactive precursor (F0) that is cleaved by host cell protease into two biologically active F1 and F2 subunits \[[@B3]\]. The cleavage of the F protein is a prerequisite for virus entry and cell-to-cell fusion. The sequence of the F protein cleavage site is a well-characterized, major determinant of NDV pathogenicity in chickens. Homotypic interaction between the F and HN proteins is necessary for initiation of the fusion process \[[@B4],[@B5]\].

All NDV strains belong to a single serotype \[[@B6],[@B7]\]. However, genetic and antigenic diversity are recognized for NDV isolates, and the detection of progressive changes in strains isolated over successive years indicates that NDV is a continually evolving virus \[[@B8],[@B9]\]. Based on genome length and sequence of the F gene, NDV strains have been classified into classes I (nine genotypes, 1-9) and II (eleven genotypes, I-XI). Class I strains are usually avirulent. A recent study also proposes that class I viruses comprise a single genotype, while class II contains 15 genetic groups including 10 previously established (I--IX, and XI) and five new genotypes (X, XII, XIII, XIV and XV) \[[@B10]\]. Class II contains both virulent and avirulent strains and the avirulent vaccine strains LaSota and B1 presently in worldwide use. Currently, the circulating strains associated with disease outbreaks worldwide predominantly are from genotypes V, VI, and VII of class II \[[@B11]--[@B14]\]. In contrast, the LaSota and B1 vaccine strains were isolated some 60 years ago and belong to genotype II in class II. Although the current vaccines offer substantial protection against disease, they do not completely prevent infection or virus shedding, and disease can occur in vaccinated birds \[[@B8],[@B12]\]. Recent studies indicated that inactivated vaccines or live attenuated vaccines developed from currently circulating genotype strains had increased effectiveness against current virulent strains, particularly in preventing shedding of challenge virus \[[@B15],[@B16]\].

Recently, we developed a reverse genetics system for a highly virulent NDV strain Banjarmasin/010/10 (Ban/010) that was isolated from diseased chickens during an outbreak in Indonesia in 2010 \[[@B17]\]. The Ban/010 virus is classified in genotype VII of class II and has only 89 and 87% amino acid identity for the F and HN proteins, respectively, with the LaSota and B1 vaccine strains \[[@B18]\]. A mutant virus, named recombinant Ban/AF (rBan/AF), was generated in which the virulent F protein cleavage site motif "RRQKR↓F" was modified to be identical to that of strain LaSota "[G]{.ul}RQ[G]{.ul}R↓[L]{.ul}" by three amino acid substitution (underlined) \[[@B17]\]. The rBan/AF virus was completely avirulent, and was genetically stable during 10 consecutive passages in chickens. Serological analysis showed that rBan/AF induced higher neutralization and hemagglutination inhibition antibody titers against the prevalent viruses than did the commercial vaccines B1 or LaSota. Both rBan/AF and the commercial vaccines provided protection against clinical disease and mortality after challenge with virulent NDV strain Ban/010 (genotype VII) or GB Texas (genotype II). However, rBan/AF significantly reduced challenge virus shedding from the vaccinated birds compared to the B1 vaccine.

These results confirm that a genotype-matched vaccine generated by reverse genetics can provide better protection than commercial vaccines \[[@B15]--[@B17]\]. However, development of a reverse genetics system for a circulating NDV strains can be costly and time consuming. An alternative strategy for producing genotype-matched vaccine is to replace the F and HN genes of a recombinant commercial vaccine strain with those of circulating strains in which the virulent F protein cleavage site motif was modified to an avirulent motif. Although this strategy is cost-effective and less time consuming, there are concerns that a chimeric virus may not be genetically stable and growth retarded due to gene incompatibility. Furthermore, a chimeric genotype-matched vaccine has never been directly compared with a same genotype-matched vaccine made by full-genome reverse genetics. Therefore, the purpose of this study was to compare the protective immunity of genotype VII vaccines developed by chimeric and by full-genome reverse genetics approaches. In order for this study, we generated three recombinant chimeric LaSota viruses in which the F and/or HN ORF was replaced with that of rBAN/AF, the attenuated version of Ban/010. These chimeric viruses were compared to the parental recombinant LaSota (rLaSota) and rBan/AF viruses for replication *in vivo* and *in vitro*, and for immunogenicity and protective efficacy against challenge with virulent GB Texas or Ban/010 viruses. This study also evaluated the relative contributions of F versus HN in the superior protection provided by vaccine virus that is homologous to the challenge virus. These results will be useful for development of genotype-matched NDV vaccines.

Materials and Methods {#s2}
=====================

Viruses and cells {#s2.1}
-----------------

The chicken embryo fibroblast cell line (DF1) and human epidermoid carcinoma cell line (HEp-2; ATCC, Manassas, VA, USA) were grown in Dulbecco's minimal essential medium (DMEM) with 10% fetal bovine serum (FBS) and maintained in DMEM with 5% FBS. The modified vaccinia virus strain Ankara (MVA) expressing T7 RNA polymerase was kindly provided by Dr. Bernard Moss (NIAID, NIH) and propagated in primary chicken embryo fibroblast cells in DMEM with 2% FBS. In experiments that required supplementations of exogenous protease for the cleavage of the F protein, normal SPF chicken egg allantoic fluid was added to a concentration of 10%.

NDV strains rLaSota \[[@B19]\] and rBan/AF \[[@B17]\] and the three recombinant chimeric viruses generated in this study were grown in the allantoic cavities of 9-day-old specific pathogen free (SPF) embryonated chicken eggs. Virus stocks were quantified by hemagglutination (HA) assay with chicken erythrocytes. All experiments involving virulent NDV were performed in our USDA approved enhanced Biosafety Level-3 (BSL-3+) facility following the guidelines and approval of the Animal Care and Use Committee (IACUC), University of Maryland. All experiments were approved by the IACUC (protocol number R-09-81) and conducted following the guidelines. All animal care and handling, including euthanasia were conducted according to the procedures of Animal Care and Use committee and guideline of the American Veterinary Medical Association. All efforts were made to minimize discomfort and pain. The personnel conducting this experiment examined infected birds three times a day for clinical symptoms following the well-established scoring system. Birds that show a total score of 0 were considered \"normal\" while birds showing scores of 1 to 8 were considered \"sick.\" If a bird presents a score of 2 or 3 in any of the categories above, we increased the monitoring frequency to 3 times daily. Supportive care was provided for animals that show scores of 2 or 3. If the condition worsens or does not improve after it has reached a score of 3, it was euthanized as it is considered that the bird has reached a moribund state. If necessary, facility veterinarian in the department was contacted to determine whether the bird needs to be euthanized or requires supportive care. Supportive care was provided if it does not interfere with the objective of this study. Birds were anesthetized and killed by an overdose of isoflurane, the inhalant anesthetic. Briefly, sterile cotton gauze was placed in the bottom of a sterile bell jar and was covered with a wire mesh. Approximately, 1 to 2 ml of isoflurane was added into the cotton gauze. The bird was placed in the jar and the lid was closed quickly. The bird was removed from the jar after cessation of breathing.

Generation of recombinant chimeric NDV strain LaSota in which the F and/or HN gene ORFs were replaced by those of the avirulent Indonesian strain rBan/AF {#s2.2}
---------------------------------------------------------------------------------------------------------------------------------------------------------

The F and HN ORFs of the avirulent strain rBan/AF were placed individually or together into a full-length antigenomic cDNA of NDV strain LaSota in place of the corresponding LaSota F and HN ORF(s) ([Figure 1](#pone-0074022-g001){ref-type="fig"}). These manipulations were facilitated by the presence of unique restriction enzyme sites (PacI, MluI, and AgeI) created in the untranslated regions (UTRs) flanking the F and HN ORFs in the NDV cDNA. The F and HN ORFs of rBan/AF were modified to be flanked by 5´ and 3´ UTRs of the respective rLaSota F or HN gene along with the compatible restriction enzyme sites by overlapping PCR. The engineered rBan/AF F and/or HN genes were digested with the appropriate restriction enzymes and used to replace the corresponding genes in the full-length LaSota cDNA, resulting in three full-length chimeric NDV cDNAs ([Figure 1](#pone-0074022-g001){ref-type="fig"}). Thus, the LaSota gene-start and gene-end signals flanking the F and HN genes remained undisturbed.

![Construction and recovery of three chimeric versions of the LaSota vaccine strain in which the complete F and/or HN gene ORF was replaced with that of rBan/AF, an attenuated version of the circulating virulent Indonesian Ban/010 strain.\
(A) Genome maps of the parental rLaSota and rBan/AF strains and the three chimeric derivatives. ORFs are shown as rectangles that are filled for those derived from rLaSota and are open for those from rBan/AF. The F protein cleavage sites are shown. (B) SDS-PAGE analysis of purified virions of strains rLaSota (lane 1), Ban/AF (lane 2), rLaSota-Ban/AF F (lane 3), rLaSota-Ban/AF HN (lane 4), and rLaSota-Ban/AF F HN (lane 5). The viruses were harvested from allantoic fluids, purified through a 30% sucrose cushion, and analyzed on an 8% SDS-PAGE gel under reducing conditions, and stained with Coomassie brilliant blue.](pone.0074022.g001){#pone-0074022-g001}

Infectious viruses were generated using a reverse genetics system established in our laboratory \[[@B20]\]. Briefly, HEp-2 cells were transfected with three plasmids individually encoding the N, P, and L proteins (2.0 µg, 1.0 µg, and 0.5 µg per single well of a six-well dish, respectively) and a fourth plasmid encoding the full-length antigenome (5.0 µg) using Lipofectamine (Invitrogen) and simultaneously infected with vaccinia MVA expressing T7 RNA polymerase at a multiplicity of infection (MOI) of 1 PFU/cell. Two days after transfection, alloquot of transfection mixture was inoculated into the allantoic cavity of 9-day-old embryonated chicken eggs. Following incubation for 2 days, allantoic fluid was harvested and recovery of the virus was confirmed by hemagglutination assay using 1% chicken red blood cells. The recovered viruses were plaque purified. The absence of adventitious mutations in the F and/or HN genes of Indonesian strain in the recovered viruses were confirmed by nucleotide sequencing analysis using primers targeting a downstream of the M gene and an upstream of the L gene.

Cleavage of the F protein of chimeric viruses {#s2.3}
---------------------------------------------

To evaluate cleavage of the F proteins of the chimeric viruses, DF1 cells were infected at an MOI of 0.1, and cell lysates were collected at 24 h post-infection (hpi), denatured under reducing conditions, subjected to electrophoresis on an 8% polyacrylamide gel, and subjected to Western blot analysis separately with anti-NDV F rabbit polyclonal antiserum \[[@B21]\] and an anti-NDV HN monoclonal antibody.

Growth characteristics of parental and chimeric NDVs in DF1 cells {#s2.4}
-----------------------------------------------------------------

The ability of the chimeric viruses to produce plaques was tested in DF1 cells under 0.8% methylcellulose overlay. The plaques were immunostained using polyclonal antibody raised against the N protein of NDV \[[@B22]\]. The multicycle growth kinetics of the F and HN chimeric viruses, along with their respective parental viruses, was evaluated in DF1 cells in the presence of 10% chicken egg allantoic fluid. Virus titers in the collected supernatants were quantified in DF1 cells by limiting dilution in the presence of added allantoic fluid and expressed as 50% tissue culture infectious dose (TCID~50~/ml) by the end-point method of Reed and Muench \[[@B23]\].

Mean death time in embryonated chicken eggs {#s2.5}
-------------------------------------------

The pathogenicity of parental and chimeric viruses was determined by the mean death time (MDT) test in 9-day-old SPF embryonated chicken eggs \[[@B1]\]. Briefly, a series of 10-fold dilutions of infected allantoic fluid (0.1 ml) was inoculated into the allantoic cavities of five 9-day-old eggs per dilution and incubated at 37 °C. The eggs were examined once every 8 h for 7 days, and the time of embryo death was recorded. The MDT was determined as mean time (h) for the minimum lethal dose of virus to kill all the inoculated embryos. The criteria for classifying the virulence of NDV isolates are: \<60 h, virulent strains; 60 to 90 h, intermediate virulent strains; and \>90 h, avirulent strains.

Immunization of chickens with parental and chimeric NDVs {#s2.6}
--------------------------------------------------------

Two-week-old SPF chickens in groups of eleven (11 birds each) were immunized with each virus (200 µl of each, 10^6^ EID~50~) by the intranasal route. One group of chickens remained as unvaccinated controls. Three birds from each group were sacrificed at 4 days post-infection (dpi) and tissues samples (lung and trachea) were collected for vaccine virus titration. Virus titers were determined by limiting dilution and immunostaining in DF1 cells as described before. The presence of virus in the tissue samples also were determined by inoculation into 9-day-old SPF embryonated chicken eggs, which provides a more sensitive means of detection but does not provide a titer. In general, we obtained HA titers ranging from 2^4^ to 2^7^ from positive samples. At 3 dpi, the allantoic fluids were tested for virus growth by HA assay. For analysis of antibody responses, serum samples (3 ml from each chicken) were collected on weeks 2, 3, 4, and 5. Serum antibody titers were determined by hemagglutination inhibition (HI) assay using rLaSota or rBan/AF as antigen \[[@B17]\].

Challenge of immunized chickens with virulent NDV strains {#s2.7}
---------------------------------------------------------

Five weeks post immunization, the remaining chickens (eight per immunizing virus) were transferred to a USDA-certified BSL3containment facility for NDV challenge. The birds in each group were challenged with 100 chicken 50% lethal dose (CLD~50~) of virulent NDV strains GB-Texas (four birds) or Ban/010 (four birds) through the oculo-nasal route \[[@B17]\]. Oral and cloacal swabs were collected from three birds at 4 and 7 dpi, and shedding of the challenge virus was determined by inoculating clarified swab samples into 9-day-old SPF embryonated chicken eggs and conducting HA assay as described above. Three chickens from each group were sacrificed at 4 days post-challenge (dpc) to evaluate challenge virus replication in different organs. Tissue samples (brain, trachea, lungs, and spleen) were collected, and the challenge virus titers in homogenized tissue samples were determined by a limiting end point dilution assay as described above.

Statistical Analysis {#s2.8}
--------------------

Statistically significant differences in serological analysis between different immunized chicken groups were evaluated by one-way analysis of variance (ANOVA) (SPSS 13.0 for Windows, SPSS Inc, Chicago, IL).

Results {#s3}
=======

Generation of recombinant chimeric LaSota viruses with the F and/or HN gene ORF replaced by that of a circulating Indonesian NDV strain {#s3.1}
---------------------------------------------------------------------------------------------------------------------------------------

We used reverse genetics to make three chimeric derivatives of the LaSota vaccine strain in which the complete ORF of the F and/or HN genes was replaced with that of the rBan/AF strain ([Figure 1A](#pone-0074022-g001){ref-type="fig"}), which is a version of the highly virulent Ban/010 strain that was rendered avirulent solely by three amino acid substitutions in the cleavage site of the F protein. Specifically, the F protein cleavage site of rBan/AF, and of the three chimeric viruses, was identical to that of strain LaSota. Infectious viruses were recovered from all of the three chimeric cDNAs (rLaSota-Ban F, rLaSota-Ban HN, and rLaSota-Ban F HN). To evaluate genetic stability, the viruses were passaged five times in 9-day-old embryonated chicken eggs. All the viruses were able to replicate well in the eggs (\> 2^8^ HAU/ml) and the sequences of the F and HN genes were confirmed, showing that the introduced ORFs were maintained without any adventitious mutations.

We further evaluated incorporation of heterologous glycoproteins into chimeric virions, since the presence of the compatible cytoplasmic tails and transmembrane regions is important for NDV replication \[[@B24]\]. The viral proteins in partially purified parental and chimeric viruses \[[@B25]\] were analyzed by SDS-PAGE and visualized by Coomassie blue staining ([Figure 1B](#pone-0074022-g001){ref-type="fig"}). This confirmed a similar pattern of the major structural proteins into each virus, with the expected sizes and amounts, suggesting that the substitutions in rLaSota backbone did not affect virion assembly ([Figure 1B](#pone-0074022-g001){ref-type="fig"}).

Syncytium formation and cleavage efficiency of the F protein of chimeric viruses in vitro {#s3.2}
-----------------------------------------------------------------------------------------

Strain LaSota lacks a polybasic sequence or furin motif at the F protein cleavage site, and depends on extracellular protease for cleavage \[[@B19]\]. In our previous study, we modified the highly virulent Indonesian Ban/010 strain by changing its cleavage site sequence ([R]{.ul} [R]{.ul}Q[K]{.ul} [R]{.ul}↓F) to that of LaSota (G[R]{.ul}QG[R]{.ul}↓L), resulting in the avirulent rBan/AF derivative. Whereas the Ban/010 parent induced extensive syncytia and plaque formation in cell culture in the absence of added protease, the rBan/AF derivative caused only single-cell infections without syncytia or plaques in the presence or absence of extracellular protease \[[@B17]\]. Therefore, in the present study, the ability of the chimeric viruses to form syncytia and plaques in cell culture was determined. DF1 cells were infected with the parental (rLaSota and rBan/AF) and the three chimeric viruses at an MOI of 0.01 in the presence or absence of 10% allantoic fluid as protease supplementation. The cells were visualized 48 hpi by photomicroscopy directly ([Figure 2A](#pone-0074022-g002){ref-type="fig"}) and following immunostaining with antiserum against the NDV N protein ([Figure 2B](#pone-0074022-g002){ref-type="fig"}). In parallel, the ability of the viruses to produce plaques was evaluated on DF1 cells under 0.8% methylcellulose overlay (not shown). In the presence of added protease, the rLaSota virus produced syncytia ([Figure 2A and B](#pone-0074022-g002){ref-type="fig"}) and plaques (not shown), whereas the rBan/AF virus produced neither. Among the three chimeric viruses, only the one containing F from the LaSota and HN from the rBan/AF strain (rLaSota-Ban/AF HN) produced syncytia and plaques, similar to those of rLaSota. In contrast, the other two chimeric viruses (rLaSota-Ban/AF F and rLaSota-Ban/AF F HN) produced neither syncytia ([Figure 2A and B](#pone-0074022-g002){ref-type="fig"}) nor plaques (not shown). Thus, the formation of syncytia and plaques in the presence of protease was associated with the presence of the LaSota F protein. Evaluation of the cleavage efficiency of the F proteins by Western blot analysis showed that the LaSota-derived F protein present in both rLaSota and rLaSota-Ban/AF HN was cleaved more efficiently than the rBan/AF-derived F protein present in the other viruses ([Figure 3](#pone-0074022-g003){ref-type="fig"}). These results suggest that the greater efficiency of cleavage of the LaSota-derived F protein was required for syncytium and plaque formation.

![Production of syncytia by parental and chimeric viruses.\
DF1 cells in six-well plates were infected with the indicated viruses at a multiplicity of infection (MOI) of 0.01 PFU/cell, incubated for 72 h, and visualized by photomicroscopy directly (A) or following immunoperoxidase staining using antiserum against the N protein of NDV, with viral antigen stained red (B).](pone.0074022.g002){#pone-0074022-g002}

![Cleavage of the F0 proteins of parental and chimeric viruses.\
(A) Proteolytic cleavage of the F0 proteins of parental and chimeric viruses in infected DF1 cells analyzed by Western blot. (B) The positions of the precursor protein F0, the cleavage product F1, and the HN protein are indicated. Lanes: 1. rLaSota, 2. rBan/AF, 3. rLaSota-Ban/AF F, 4. rLaSota-Ban/AF HN, and 5. rLaSota-Ban/AF F HN (B) The relative levels of the F0 and F1 proteins in the Western blot experiment in part C were measured by Bio-Rad Gel Image analysis, and the efficiency of cleavage was determined by dividing the amount of F1 by the amount of F1 plus F0. Each bar represents mean and standard error of the mean of triplicate samples.](pone.0074022.g003){#pone-0074022-g003}

Growth characterization of chimeric NDVs in vitro {#s3.3}
-------------------------------------------------

The growth kinetics of parental and chimeric NDVs was evaluated in DF1 cells after infection at an MO1 of 0.01 in the presence of exogenous protease ([Figure 4](#pone-0074022-g004){ref-type="fig"}). Parental rLaSota replicated more efficiently than rBan/AF in the first 24 h of infection, but the titers were similar thereafter. Among the chimeric viruses, rLaSota-Ban/AF HN grew to higher titer than the two parental viruses and the other two chimeric viruses, reaching a maximum titer of 1.3 × 10^7^ TCID~50~/ml at 40 hpi. The other two chimeric viruses (rLaSota-Ban/AF F and rLaSota-Ban/AF F HN) replicated less efficiently than the other tested viruses and reached their maximum titers (10^6^ TCID~50~/ml) at 56 hpi. The pattern of *in vitro* replication of chimeric viruses also showed the correlation with their ability to form syncytia in DF1 cells ([Figure 2](#pone-0074022-g002){ref-type="fig"}).

![*In vitro* multicycle growth of parental and chimeric viruses in chicken embryo fibroblast DF1 cells following infection with an MOI of 0.01 PFU/cell.\
Exogenous protease was provided in the infected cells. The viral titers were determined by limiting dilution on DF1 cells.](pone.0074022.g004){#pone-0074022-g004}

Pathogenicity of the chimeric viruses {#s3.4}
-------------------------------------

The pathogenicity of chimeric viruses was evaluated by a standard, internationally-accepted pathogenicity test for NDV, namely the MDT assay in embryonated chicken eggs ([Table 1](#tab1){ref-type="table"}). Of the two parental viruses, rBan/AF (122 h) was somewhat more attenuated than the rLaSota virus (112 h). For the three chimeric viruses, the order of increasing attenuation was rLaSota-Ban/AF HN (129 h), rLaSota-Ban/AF F (148 h), and rBan/AF F HN (\>168 h). Thus, introduction of either of the two rBan/AF glycoproteins conferred attenuation, with F having a greater effect than HN, and the effect was greatest when both rBan/AF glycoproteins were introduced. At least in the case of the rBan/AF HN glycoprotein, this attenuation was not due to a direct defect in the replication of the chimeric virus, since the chimeric rLaSota-Ban/AF HN virus replicated the most efficiently in cell culture ([Figure 4](#pone-0074022-g004){ref-type="fig"}).

###### Pathogenicity of parental and chimeric viruses in embryonated eggs.

  Virus                 MDT (h)^a^
  --------------------- ------------
  rLaSota               112
  rBan/AF               122
  rLaSota-Ban/AF F      148
  RLaSota-Ban/AF HN     129
  rLaSota-Ban/AF F HN   \>168

^a^ Mean embryo death time (MDT): the mean time (h) for the minimum lethal dose of virus to kill all of the inoculated embryos. Pathotype definition: virulent strains, \<60 h; intermediate virulent strains, 60 to 90 h; avirulent strains, \>90 h.

Replication, immunogenicity, and protective efficacy of chimeric NDVs {#s3.5}
---------------------------------------------------------------------

To evaluate the protective efficacy of the chimeric viruses, 2-week-old chickens were immunized with each virus by intranasal route. Three birds from each group were sacrificed at 4 dpi and tissue samples (brain, trachea, lungs, and spleen) were collected for virus titration. Virus titration of the homogenates by limiting dilution assay showed that detection of parental and chimeric viruses was restricted to the trachea, and their titers were low, ranging from 1.6 to 2.4 log~10~ TCID~50~/g, with slight differences between the parental and chimeric viruses (data not shown). To enhance the sensitivity of virus detection, the tissue homogenates also were inoculated into eggs ([Table 2](#tab2){ref-type="table"}). Replication of rLaSota and rBan/AF was confirmed in the trachea and lungs, whereas replication of the three chimeric viruses was mostly found in the trachea of the immunized birds. None of the viruses were detected in the brain and spleen.

###### Replication of parental and chimeric viruses in 2-week-old immunized chickens.

                        Virus replication in embryonated eggs^a^               
  --------------------- ------------------------------------------ ----- ----- -----
  rLaSota               0/3                                        3/3   2/3   0/3
  rBan/AF               0/3                                        3/3   2/3   0/3
  rLaSota-Ban/AF F      0/3                                        3/3   0/3   0/3
  rLaSota-Ban/AF HN     0/3                                        3/3   1/3   0/3
  rLaSota-Ban/AF F HN   0/3                                        3/3   1/3   0/3

^a^ Groups of 2-week-old chickens were inoculated with each virus by the intranasal route. Three birds from each group were sacrificed on day 4, and tissues samples (brain, trachea, lung, and spleen) were collected and homogenized. To confirm the virus replication, each sample (100 µl, containing approximately 10 µg of tissue) of homogenized tissue was inoculated into each of three eggs, and allantoic fluids were collected on 3 dpi. Virus replication was determined by hemagglutination assay.

The immunogenicity of the chimeric viruses was determined by collecting sera at 2, 3, 4, and 5 weeks post-immunization and evaluating antibody responses using HI assay (log~2~) against the two different parental viruses, namely the rLaSota ([Figure 5A](#pone-0074022-g005){ref-type="fig"}) and rBan/AF ([Figure 5B](#pone-0074022-g005){ref-type="fig"}) strains. The highest titers were obtained from sera collected at 2 (rBan/AF-specific assay) or 4 (rLaSota-specific assay) weeks post-immunization, after which the titers decreased. In the rLaSota-specific assay, antisera raised against either parental virus tended to have higher HI titers than those raised against the chimeric viruses, especially at 2 weeks post-immunization. In the rBan/AF-specific assay, antisera raised against the parental rBan/AF virus generally had the highest titers at the various time points, whereas antisera against the parental rLaSota virus generally had the lowest titers. Among the sera raised against the three chimeric viruses, there was no clear pattern of reactivity associated with the presence of the homologous versus the heterologous HN protein.

![Induction of serum antibodies in 2-week-old chickens in response to infection with parental and chimeric viruses.\
Chickens were inoculated with each virus (64 HA units) by the intranasal route in the same experiment as Table 2. Sera were collected at 2, 3, 4, and 5 weeks post-infection. Virus-specific antibodies were measured by a hemagglutination inhibition assay using rLaSota (A) or rBan/AF (B) virus and chicken erythrocytes.](pone.0074022.g005){#pone-0074022-g005}

To evaluate the protective efficacy of chimeric NDVs, at 5 weeks post-immunization, the remaining immunized chickens in each immunization group were divided into two challenge groups. Each challenge group (8 birds each) was challenged with 100 CLD~50~ per chicken of the virulent GB Texas (genotype II, homologous to the LaSota vaccine) or the virulent wild-type Indonesian strain (Ban/010, genotype VII, the parent of the rBan/AF strain) via the oculo-nasal route. In addition, three chickens each from the unimmunized group were challenged with either of the two challenge NDVs. For the unimmunized chickens, challenge with the GB Texas virus resulted in clinical symptoms (at 4 day post-challenge (dpc), and 100% of mortality at 5 dpc, whereas challenge with the Ban/010 virus resulted in 100% of mortality at 3 dpc (data not shown). The virus titers in the trachea of dead chickens were \>7.0 log~10~ TCID~50~/g. In contrast, all of the previously-immunized chickens (5 chickens for each group) were completely protected from clinical disease and mortality against the GB-Texas and Ban/010 strains.

Shedding and replication of the GB-Texas and Ban/010 challenge viruses in the immunized chickens were evaluated. Oral and cloacal swabs (3 birds each) were collected at 4 and 7 dpc and inoculated into eggs for sensitive detection of infectious virus. In addition, 3 birds from each challenge group were sacrificed at 4 dpi and tissue samples (brain, trachea, lungs, and spleen) were collected and tissue homogenates prepared. These were evaluated for the presence of virus by inoculation into eggs, and virus titers were determined by limiting dilution assay, as above. In the GB-Texas challenged groups, virus shedding was not detected in most swab samples ([Table 3](#tab3){ref-type="table"}), and no virus was detected in any of the collected tissue samples (data not shown). This indicated that all the immunized groups of the chickens were efficiently protected against GB-Texas. However, in the Ban/010-challenged group, virus shedding was detected in both the oral and cloacal swabs in all of the chickens immunized with rLaSota ([Table 3](#tab3){ref-type="table"}), and high virus titers were detected in the trachea (2.9 × 10^6^ TCID~50~/g) and lungs (1.8 × 10^5^ TCID~50~/g) ([Figure 6](#pone-0074022-g006){ref-type="fig"}). Similarly, virus shedding was detected in chickens immunized with rLaSota containing the Ban/AF HN (rLaSota-Ban/AF HN). In contrast, virus shedding was present in only 1 of 3 in chickens immunized with a genotype-matched vaccine, rBan/AF, and only in the oral swab. At 7 dpi, no oral or coacal shedding of challenge viruses was detected in all of the collected swab samples (data not shown).

###### Oral and cloacal shedding of NDV challenge viruses.

                        NDV strain GBT challenge   NDV strain Indonesia challenge         
  --------------------- -------------------------- -------------------------------- ----- -----
  rLaSota               0/3                        0/3                              3/3   3/3
  rBan/AF               1/3                        0/3                              1/3   0/3
  rLaSota-Ban/AF F      1/3                        0/3                              0/3   0/3
  rLaSota-Ban/AF HN     1/3                        0/3                              3/3   2/3
  rLaSota-Ban/AF F HN   0/3                        0/3                              1/3   0/3

^a^ Groups of 2-week-old chickens were inoculated with each virus by the intranasal routes and challenged with NDV strain GBT or Indonesia. Oral (A) and cloacal (B) swabs were collected from the 3 birds in each group on day 4 and 7 post challenge. To confirm the shedding of challenge virus, aliquots (100 µl each, out of a total of 1 ml of swab fluid) of the collected samples were inoculated into three eggs, and allantoic fluids were collected on 3 dpi. Virus replication was determined by hemagglutination assay. On day 7 post challenge, challenge virus shedding was not detected in all of the collected samples.

![Shedding of challenge Ban/010 virus in chickens previously immunized with parental and chimeric viruses.\
From the challenge experiment in Table 3, tissue samples were harvested from the 3 birds in each group on day 4 post-challenge, and virus titers were determined by a limiting dilution assay on DF-1 cells. Data from challenge with the GB Texas strain are not shown because no virus was detected.](pone.0074022.g006){#pone-0074022-g006}

The two chimeric LaSota viruses containing rBan/AF F and F and HN together showed comparable levels of protective efficacy to that of rBan/AF. Our findings showed that rBan/AF vaccine and the two chimeric viruses containing the genotype-matched F gene (rLaSota-Ban/AF F and rLaSota-Ban/AF F HN) effectively prevented shedding of Indonesian challenge virus, whereas viruses lacking the Indonesian F gene, namely rLaSota and chimeric rLaSota-Ban/AF HN, were less effective in preventing shedding of Indonesian challenge virus. These results show that the genotype-matched vaccines provide better protection than genotype mismatched vaccines, and this superior efficacy is due to the F protein.

Discussion {#s4}
==========

All NDV isolates belong to a single serotype. Consistent with this, currently used vaccines, such as strains B1 and LaSota, are known to protect against morbidity and mortality caused by NDV isolates in different parts of the world \[[@B26]\]. However, recent studies have suggested that NDV strains currently in circulation represent genotypes that differ from that of the vaccine strains \[[@B8]\], and the current vaccines allow considerable breakthrough infection, shedding, and disease by the presently circulating genotype viruses. Infection and shedding permits recirculation of the virus in the environment and provides a setting in which the viral population may acquire mutations and adaptive changes in response to immune pressure \[[@B27]\]. Therefore, the use of genotype-matched vaccines has been suggested for better control of NDV \[[@B15],[@B16],[@B28]\]. Our previous study also demonstrated that an attenuated vaccine virus (rBan/AF) generated by reverse genetics from a circulating virulent virus in Indonesia provided better protection against genotype-matched isolates than that provided by the genotype-mismatched vaccine stains LaSota and B1 \[[@B17]\]. However, generation of a genotype-matched vaccine by reverse genetics can be time consuming. Therefore, in this study, we generated recombinant chimeric viruses, using an existing LaSota-based reverse genetics system, by replacing the ORF of F and HN genes of LaSota with those from rBan/AF, which is a recombinant attenuated derivative of the highly virulent Indonesian Ban/010 strain of genotype VII. The attenuated phenotype of the rBan/AF strain was derived solely by the introduction of three amino acid substitutions in the F protein cleavage site of the virulent Ban/010 parent, which changed the site to be identical to that of the LaSota strain.

In our study, all the chimeric viruses were readily recovered, and the incorporation of the surface glycoproteins into virions and the yield of virions were similar between parental and chimeric viruses. This indicated that the amino acid sequence differences between the F and HN proteins of rLaSota versus rBan/AF did not detectably affect virus assembly and recovery. However, in *vitro* characterization of the parental and chimeric viruses showed that the F protein of the LaSota strain was cleaved more efficiently, in the presence of added allantoic fluid as a source of protease, than the F protein of rBan/AF, and the presence of this protein was associated with the formation of syncytia and plaques as well as better growth *in vitro*. This was true for both the parental and chimeric viruses. Thus, the rBan/AF HN virus had efficient cleavage of the F protein, induced syncytium and plaque formation, and had relatively efficient replication in DF1 cells, similar to rLaSota. Nonetheless, the virus was somewhat more attenuated (MDT 129 h) than rLaSota (MDT 112 h). In contrast, rLaSota-Ban/AF F and rLaSota-Ban/AF F HN showed inefficient cleavage of the F protein, single cell infection without syncytium or plaque formation, and reduced replication in infected DF1 cells. The finding that cleavage of the rBan/AF F protein was less efficient than that of the rLaSota F protein, even though their cleavage activation sequences were identical, indicated that structural features of the rBan/AF F protein additional to the cleavage site affect proteolytic processing of the F protein. Chimeric LaSota containing rBan/AF F and HN together resulted in a greater attenuation of the virus *in ovo* (MDT \> 168 h) than either glycoprotein alone, showing that the rBan/AF HN protein also contributed to attenuation *in ovo*. One possible explanation could be that the glycoproteins from rBan/AF may not be perfectly compatible with the LaSota background. However, this did not appear to be true for the rBan/AF HN protein, at least, since the rLaSota-Ban/AF HN virus replicated more efficiently *in vitro* than either parent, and thus did not appear to be impaired.

Immunization of 2-week-old chickens confirmed that all the chimeric viruses were highly attenuated. Replication of the three chimeric viruses was mostly limited to the trachea ([Table 2](#tab2){ref-type="table"}), and thus they were somewhat more attenuated in birds than the LaSota vaccine strain, consistent with the results of the MDT assay. Thus, they should be safe vaccines. Despite this attenuation, the chimeric viruses induced relatively good serum antibody responses. In general, sera from chickens immunized with parental and chimeric viruses had higher HI titers against rLaSota than rBan/AF (p\<0.05). This was associated with greater restriction of the GB-Texas challenge strain (homologous to LaSota) compared to the Ban/010 challenge strain. In the Ban/AF-specific HI assay, the highest HI titers were observed with parental rBan/AF, followed by rLaSota containing rBan/AF F protein (rLaSota-Ban/AF F), whereas the lowest titers were observed with rLaSota (p\<0.05). Our challenge study showed that chickens vaccinated by rLaSota-Ban/AF F and rLaSota-Ban/AF F HN completely prevented shedding of the Ban/010 challenge virus, whereas rLaSota-Ban/AF HN did not prevent shedding of Ban/010 ([Figure 5B](#pone-0074022-g005){ref-type="fig"}). Thus, the presence of the rBan/AF F protein in the immunizing virus was associated with complete restriction of the Ban/010 challenge virus. It is noteworthy that this greater efficacy was not associated with more efficient replication *in vitro* (in fact, the rLaSota-Ban/AF F and rLaSota-Ban/AF F HN viruses replicated less efficiently *in vitro* than the others; [Figure 4](#pone-0074022-g004){ref-type="fig"}) or *in vivo* ([Table 2](#tab2){ref-type="table"}). These results indicate that, although the F and HN proteins of NDV are known to be the virus neutralizing antigens and the major protective antigens \[[@B29]--[@B31]\], the presence of the homologous F protein was more important in restricting the homologous challenge virus.

Previously, cross protection studies have suggested that chickens vaccinated with a live LaSota vaccine displayed disease symptoms after being challenged with antigenic variants of genotype VII \[[@B32]\]. Inactivated vaccines and live attenuated vaccines developed from currently circulating genotype strains were shown to have increased effectiveness in preventing virus shedding \[[@B15],[@B16]\]. In contrast, several studies showed that current vaccines have good protective efficacy for morbidity and mortality against viruses circulating in Asia \[[@B33],[@B34]\]. However, shedding of challenge virus was not evaluated in these studies. It has been thought that the extent of the vaccine failure in the commercial farm group may be due to poor vaccination practices, field environmental and/or immunosuppressive factors affecting the efficacy of the vaccine \[[@B35]\]. However, our previous study with the Ban/010 strain circulating in Indonesia suggested that complete prevention of shedding of genotype VII can be achieved by a recombinant genotype matched vaccine generated by reverse genetics \[[@B17]\]. In the present study, evaluation of recombinant chimeric viruses confirmed our previous findings that a genotype-matched vaccine generated either by chimeric or full-genome approach is needed for prevention of virus shedding. Further our study identified the F protein as the major protective antigen for efficient protection of chickens against genotype VII NDV strain. This study also needs to be verified by evaluating protective efficacy in broiler chickens, which are older (slaughtered at 5-16 weeks).
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